Abstract-Electric springs (ES) have been proposed as a demand-response technology for improving the stability and power quality of emerging power systems with high penetration of intermittent renewable energy sources. Existing ES applications mainly involve the regulations of grid voltage and utility frequency. This paper reports a power control and balancing technique for a new integrated configuration of ES and photovoltaic (PV) system, and discusses its possible use to achieve dynamic supply-demand balance in power distribution networks. The proposed system enables delivery of maximally harvested PV power to the grid via the ES, and concurrently controls the active power consumption of its ESassociated smart load so as to achieve supply-demand power balance of the overall system in real time. Importantly, battery storage is not necessary in the proposed design because the ES-associated smart-load power follows an appropriate consumption profile to compensate potential prediction errors of the PV power generation. Both simulation and experimental results are included to validate the proposed ES system. Index Terms-Demand-side management, electric springs (ES), photovoltaic (PV) power generations, power imbalance.
Use of Integrated Photovoltaic-Electric Spring
System as a Power Balancer in Power Distribution Networks
I. INTRODUCTION

W
ITH increasing awareness on global warming issues and energy crisis, different forms of distributed energy resources (DER) such as photovoltaic (PV) power generations [1] , [2] , micro wind turbines [3] , [4] , electrical vehicles (EV) [5] , [6] , and fuel cells [7] , [8] , have been deployed into power grids over the last decades. With the advantages of a rapidly reduced cost and no rotational parts [9] , [10] , PV power generation systems have become an important distributed generation (DG) in low-voltage distribution networks (LV-DNs) for residential and industrial applications [11] , [12] . Distributed PV power generation systems are currently growing at an unprecedented speed. In the past decade, the global PV power capacity has surged from 6 GW in 2006 to more than 300 GW in 2016 [13] . In 2016, the residential PV market of USA, which contributes 17% of its annual PV installations, increased by approximately 95 times as compared to what it had in 2005 [14] . According to International Energy Agency, the global PV capacity is expected to reach 740 GW by 2022 [15] .
The high penetration of distributed PV power generation systems in LV-DNs inevitably challenges current ways where the traditional distribution grid is planned and operated. The traditional infrastructure of the power distribution networks is designed to accept only unidirectional power flow from the substation to the households [16] . However, with the distributed PV power generations adopted in LV-DNs, there is a potential reversal of power flow from households to a substation due to the excessive PV power that may be generated in sunny daytime [10] , [17] . Substantial reverse-power flows could cause the problems of over-voltage [18] and grid voltage fluctuations [8] . Such problems may result in incorrect operation of protective devices, damage of grid-tied equipment, reduction in system reliability and utility frequency stability, and even power blackouts [8] , [10] , [18] , [19] . In summary, excessive voltage rise and the supply-demand power imbalance are two emerging problems in increasing deployment of distributed PV systems to the power distribution networks. Various solutions have been suggested to overcome the over-voltage or power imbalance problems. These solutions can be categorized into: 1) the traditional tap-changing approaches, 2) the reactive power compensation, 3) the PV power generation curtailment, 4) the adoption of battery energy storage systems (BESS), and 5) the demand-side management.
1) Traditionally, the distribution network operators (DNO) have deployed voltage control devices, such as on-load tap changer (OLTC) transformer and step voltage regulator (SVR), to maintain voltage profile and to alleviate the voltage-rise issues. However, these devices are originally designed to control the voltage within the nominal voltage range [12] . With mechanical parts involved, they cannot respond quickly to fast voltage fluctuations caused by sudden power reversal [20] . Hence, they have to be coordinated with other technologies in the power distribution networks with substantial PV power generations. 2) Reactive power compensation implemented on the PV inverters is a common method to alleviate the voltage rise issue in distribution networks [21] . For instance, the adaptive adjustment of the amount of reactive power injected from PV inverters is proposed in [22] . The limitation of this approach is that although the over-voltage problem can be mitigated, the real power imbalance between the supply and demand side cannot be handled. 3) Limiting the harvested PV active power is more effective than the reactive power control when regulating the grid voltage in power distribution networks [23] . The real power capping method has been proposed in view of preventing overvoltage by adaptively setting the power caps for PV power generation systems in real time [24] . A remote power controller is required to be installed in PV units for the curtailment of harvested PV power in accordance with the control signal received from the DNO [14] . The major drawback of this approach is that the energy harvesting capacity of the PV system is not fully utilized. 4) To maximize the amount of PV power generation, the integration of BESS overcomes the shortcoming of the PV active power capping approach. Also, BESS can be used for grid voltage regulation [25] , [26] , peak load shaving [12] , and compensation of the fluctuating PV power [27] . However, this approach involves a massive deployment of batteries that induces environmental concerns [28] . Also, the high cost of batteries is another concern [29] . 5) The demand-side management (DSM) has been found as a popular approach for solving various issues in emerging smart grids. The dynamic electricity pricing scheme, such as a time of use (TOU) pricing scheme [30] or an autonomous energy consumption scheduler [31] , is a common method to realize the DSM. Studies based on such approaches have validated that DSM can play a role in reducing peak demand and mitigating supply-demand imbalance under normal conditions [30] - [32] . But pricing scheme is not an effective DSM method at extreme conditions. The recent power blackout in South Australia (when the temperature rose above 40°C) is an example because consumers continued to turn ON their air-conditioners even if the electricity price was high [33] . This paper provides a DSM application based on electric springs (ES) to enhance the supply-demand power balance in a power distribution network. The original use of ES mainly focuses on grid voltage and frequency stabilization [34] - [36] . In the subsequent research works, the use of ES, via different circuit structures, has been extended to achieve more sophisticated functionalities. There are three primary types of ES proposed, namely the original ES (ES-1), the ES with battery (ES-2) [37] , and the back-to-back ES (ES-B2B) [38] . Connected to a noncritical (NC) load in series, ES-1 can provide reactive power compensation directly and manipulate the active power consumption of the NC load indirectly. ES-2, which is built upon ES-1 but comprises battery storage, is able to provide bidirectional active power flow and thereby greatly broadens the operating range of ES. ES-B2B concurrently adopts a shunt (coupling with the grid) and a series ES (connecting the grid and the NC load). In such a way, the ES-B2B not only saves the cost of battery storage in ES-2, but also further expands the operating range of ES.
The new proposal in this paper integrates a distributed PV power system into an ES and its associated NC load to form a combined PV-ES system. Same as the original ES, the proposed PV-ES system still performs the DSM by essentially adjusting the voltage of the NC load. But different from all of the mentioned ES systems, this PV-ES system forms a new configuration in which the PV power is maximally harvested and the active power consumption of the system is precisely controlled by a new power flow control method. The PV-ES system can be used for compensating the integrated PV power with intermittency and balancing supply-demand power at the same time.
The main contributions of this paper are listed as follows: 1) An automatic and real-time DSM device integrating a PV system into an ES with an NC load to form a PV-ES system is proposed. 2) An ES-associated smart load is constructed within this PV-ES system. The active power consumption of this smart load can be adaptively adjusted in order to reduce supplydemand power imbalance. 3) A power-flow analysis and control scheme for this PV-ES system are included. The control method can precisely deliver the harvested PV power to the grid while accurately vary the active power consumption of the PV-ES system. In this way, a new solution against the intermittency of PV power is provided. 4) Battery storage is an option but not a necessity in the proposed PV-ES system. In this paper, the control method of the PV-ES system is evaluated without involving the usage of battery storage. Hence the costly batteries and the environmental concerns are avoided.
II. POWER FLOW CONTROL ON PV-ES SYSTEM
A schematic of a PV system connected to the point of common coupling (PCC) is shown in Fig. 1 . The power grid is represented as a power source V s including a distribution line Z s on the supply side. A load R 1 and a PV system as shown in Fig. 1 are considered on the demand side. V g denotes the voltage RMS magnitude of PCC. The PV system is made up of a PV panel array, and an interfacing power inverter that converts and transfers the harvested renewable power (P pv ) to the power grid. The load R 1 , consuming a real power P 1 , represents the power consumption on the demand side.
The PV power generation at the demand side is predicted as P pv Ref , and hence an expected supply-side power reference is estimated (
Due to the uncertainty of the PV power generation, the PV power prediction is a great concern for the operators of the energy management in electricity networks with high integration of PV power. Accurate forecasting based on real-time measurements and records is helpful for operators to reduce the impact of the variability of PV power on the grid, and to improve the grid reliability [39] . However, such kinds of forecasting are easily influenced by the external conditions (such as the weather, temperature, and presence of dust). Therefore, the intermittent nature of PV generation still leaves inevitable errors between the predicted power (P pv Ref ) and actual power (P pv ). Since the supply-side reference is based on the forecasting, such errors cause the power imbalance between the supply and demand sides. Fig. 2(a) shows a sketch of the deviation between the predicted PV power and the actual harvested PV power in a period of 24 h (the deviation in practice will be more frequent and typically more severe). For the simplicity of the analysis, consider that the power (P 1 ) consumed by the load R l is constant, the predicted (P g Ref ) and the actual (P g ) power consumption on the demand side are plotted in Fig. 2(b) , which corresponds to the PV power, as shown in Fig. 2(a) . The shaded areas depicted in Fig. 2 (a) and (b) illustrate the power imbalances of the harvested PV power and the demand-side power due to the errors, respectively. Both the over-power and underpower estimation can lead to supply-demand power imbalance, which could cause further power stability issues.
As a supply-demand power balancer, the proposed PV-ES system, as shown in Fig. 3 , consists of a PV panel array, a PV converter, an ES, and an NC load. In the usual PV harvesting process, the dc power output of the PV converter forms the dc voltage for the ES. The equivalent impedance of the NC load is denoted as Z nc . The remaining loads (not including Z nc ) in this power grid can be combined into a single critical load denoted as Z cl . In this paper, we assume a heating or cooling system, which is purely resistive, as the NC load. With the characteristics of 1) being readily available throughout the 24-h timeframe, 2) having a great storage inertia in for buffering voltage fluctuation, and 3) being a widespread appliance commonly available in most of the buildings, such thermal loads are ideal NC candidates for ES applications. The complex power consumed by the ES, the NC load, the critical load, and the ES-associated smart load are, respectively, denoted as S es = P es + jQ es , S nc = P nc + jQ nc , S cl = P cl + jQ cl , and S sl = P sl + jQ sl (all symbols stand for magnitudes). For the ease of explanation in the subsequent analysis, the critical load is also chosen to be purely resistive (Q nc = Q cl = 0).
There are two main objectives of using such PV-ES configuration. First, the ES should regulate the demand-side active power to be a desired value (a value determined by the upper level to maintain a constant power consumption for power balance, or to adjust the power consumption to participate in voltage/frequency regulation, etc.) irrespective of the fluctuation of the PV power generation. Second, the PV system and the ES should collaborate properly in such a way that the system can transfer the intermittent PV power to the grid without the need of battery storage. To handle the desired PV power delivery and to adaptively regulate the power consumption of the smart load simultaneously, two power references, 1) the ES active power reference (P es Ref ) and 2) the ES-associated smart-load active power reference (P sl Ref ) are required in the proposed control strategy. Based on the assumption that the power loss of the power converters is ignored in the analysis, and the fact that the PV converter is linked to the ES converter, as shown in Fig. 3 , the amount of the harvested PV power (P pv ) should be equal to that of the ES active power delivered to the power grid (−P es ).
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In the proposed control scheme, the power consumption of the ES-associated smart load should be adjustable irrespective of the PV power fluctuation. The operation point of the ES with a given value of P sl can be derived based on the radial-chordal decomposition (RCD) method [40] . To illustrate how the regulation can be achieved, an arbitrary phasor diagram of the smart load is shown in Fig. 4 , where V es , V esr , V esc , and I sl , respectively, stand for the RMS magnitudes of the ES voltage, the radial component of the ES voltage (always in parallel with V nc ), the chordal component of the ES voltage, and the smart-load current (the same as the NC-load current). θ o is the deviation between power factor angles of the smart load (φ sl ) and the NC load (φ nc ). As the NC load is purely resistive, (φ nc = 0), θ o is equal to the power angle of the smart load in this analysis. According to the circuit configuration shown in Fig. 3 , the smart-load active power can be expressed as
(1) and the apparent power of the smart load can be described as
Rearranging (1) and (2) leads to
where P es is a paraboloid function of P sl and Q sl in a threedimensional P sl − Q sl − P es space. Fig. 5 shows a plot of an arbitrary normalized paraboloid function of (3) for illustration. With regard to (3), a given ES active power (P es ) corresponds to a set of defined combinations of the ES-associated smart-load active and reactive power (P sl and Q sl ). This set of combinations formulates an operating locus of P sl and Q sl . This operating locus can be visualized, for example, by considering the interception points between the plane P es = −0.5 p.u. and the paraboloid function in (3) as indicated in Fig. 5 . To adjust the real power consumption of the smart load, the P sl plane (the pure-colored vertical plane) can move forward and backward along with the P sl -axis to a required position. At the same time, to deliver the PV power, the P es plane (the horizontal plane with grid) can move downward from P es = 0 to obtain a negative value of P es . Such two planes and the paraboloid surface intercept at two points, which indicates two feasible operating points of the PV-ES system. Therefore, given a specific set of P es and P sl , the proposed power-flow analysis can be used to locate a pair of feasible values of the smart-load reactive power (Q sl ).
III. DESIGN OF PV-ES SYSTEM
Based on the methodology proposed in Section II, the details on the design of the power stage, the controller, and the voltage closed loop are provided in this section.
A. Power-Stage Design
The power-stage schematic of the proposed PV-ES system is shown in Fig. 6 . The PV interfacing power converter is implemented by an active clamp flyback dc/dc converter, which is used for harvesting PV power with maximum power point tracking (MPPT) control and stepping up the PV panel voltage (V pv ) to be the dc-bus voltage (V bus ). As shown in Fig. 6 , the circuit components T 1 , S a2 , C 1 , and D 1 form a conventional flyback dc/dc power converter. C a and S a1 are added to the converter as an active clamp circuit. In addition, D 2 and C 2 are added to form a voltage multiplier circuit, which doubles the voltage conversion ratio. The input voltage (V pv ) and input current (I pv ) of this flyback converter are sensed to achieve MPPT.
The ES is realized by a conventional half-bridge dc/ac power converter, which composes C b1 , C b2 , S b1 , and S b2 . The dc bus of the ES is connected to the output of the PV interfacing power converter, while the ac port of the ES is connected between PCC and the NC load (Z nc ). R b1 and R b2 are added to the power stage of the ES (where R b1 = R b2 ) to avoid capacitor voltage imbalance on C b1 and C b2 . Real-time voltages of V bus , V es , and V g are sensed and used for the purpose of feedback control. The auxiliary dc power supply for the DSP, sensors, and driver ICs are obtained from the grid ac power, of which the details will not be discussed.
B. Controller Design
The controller design of the PV converter and the ES is discussed in this section. Both the controllers are implemented in Note that when the PV converter is disabled and no PV power is delivered to the output, the ES provides purely reactive power only to control P sl . In this case, the dc voltage is not regulated to V bus Ref but allowed to vary according to the change of V es .
In Stage II, the ES voltage reference is determined by calculating the magnitudes of V esr , V esc , and θ o from the references by using (4)-(6), and then being converted into the sinusoidal form using (7)- (10) .
The equations for calculation are derived from (1), and can be expressed as
and
Equation (6) indicates that there are two possible values of θ o (i.e., a pair of feasible points of the system). In practice, a θ o leading to less reactive power shift may be preferred, as it conducts less transfer of reactive power, and reduces the output voltage of ES. These benefit the dc-bus voltage control in Stage I, since the fluctuation caused by reactive power and the voltagelevel requirement on components can be reduced. Choosing such a feasible operation point depends on the NC load itself. For instance, if the NC load is capacitive (φ nc < 0), then θ o is the sum of the angular components as indicated in (6) . In the condition where Z nc is purely resistive, both the choices result in the same level of reactive power shift. Therefore, θ o can be alternatively chosen for qualitative compensation using either capacitive-or inductive-reactive power.
With the RCD voltage reference (V esr , V esc and θ o ) obtained, the ES voltage reference can be further decomposed into the d-q frame by using (7) and (8) . Finally, the voltage reference in sinusoidal form is obtained by (10) and used for Stage III
where sgn(.) is defined as
In Stage III, a single control loop is designed to regulate the voltage output of ES following the sinusoidal reference signal. The details of this control loop design and analysis are provided in the following section.
C. Voltage Closed-Loop Design of ES
The block diagram of the ES voltage control loop, with reference to Figs. 6 and 7, is shown in Fig. 8 , where Z L (s), Z C (s), and Z nc (s) stand for the dynamic impedances of the ES inductor L es , capacitor C es , and the NC load Z nc , respectively. K dc , G d (s), and G c ( s ), respectively, depict the modulation gain based on dc-bus voltage, the effect of system delay causing by digital computation and PWM, and the compensator adopted in this voltage regulation. The area highlighted with a dashed line in Fig. 8 indicates the plant structure of ES and the NC load.
Based on Fig. 8 , with the input of V g being recognized as an interference signal, the forward (open-loop) transfer function of this control loop can be derived as
. (11) A proportional-resonant (PR) compensator G c is adopted for ES voltage control, followed by the system delay G d . The transfer functions of G c and G d are designed and expressed as (12) where k p , k r , ω o , ω c , and T s stand for the proportional parameter, resonant parameter, resonant frequency, bandwidth around the resonant frequency, and the switching period, respectively.
Hence, the closed-loop transfer functions of ES voltage control can be derived as
Taking the parameters and specifications provided in Tables II  and III in the appendix as an example, the closed-loop frequency response above 100 Hz (without compensator G c ) is plotted in dotted lines in Fig. 9 . It indicates the system may be unstable because of the high-frequency resonance. With a PR compensator adopted in the control loop, the output only follows input reference around the resonant frequency, and greatly reduces the response to the interference in any other frequency band. The closed-loop response of the transfer function with a PR compensator is depicted by the solid lines in Fig. 9 . Such frequency responses make the voltage control loop able to implement the mentioned control strategy on managing the delivered PV power.
IV. SIMULATION RESULTS AND COMPARISONS
In this section, the proposed control methodology is first applied to a PV-ES system for a period of 24 s that is compressed from a 24-h record. Second the proposed PV-ES system is compared with the conventional PV plus BESS (PV+BESS) solution, and that of the three different existing versions of ES. The configuration of the simulated PV-ES system is the same as the one shown in Fig. 3 .
The 24-h profiles of the predicted and actual harvested PV power (P pv Ref and P pv ) used in the simulation are plotted, as shown in Fig. 10(a) . The predicted profile of this PV power is forecasted using moving average method based on the data of the solar irradiance at Hesse, Germany (latitude = 51.317°, longitude = 9.059°) on 2nd February, 2004 [41] . Though the demand-side power reference in practice can be predicted based on various information and objectives, a simple reference for demonstration is calculated by the net amount of the demandside power as
where P nc nom is a constant denoting the nominal power consumption of the NC load. To highlight the power flow control of the PV-ES with fluctuating PV power, Z cl and Z nc are simplified as constant during the simulation period. Hence, the P g Ref according to (14) is shown in Fig. 10(b) . Such profiles are then compressed into a period of 24 s for simulation.
The simulation results in the first stage are shown in Fig. 11 . The demand-side power is maintained at the nominal value between the periods of t = 0-7 s and t = 16-24 s, when the PV-ES system is deactivated due to the absence of solar energy. Fig. 11(a) shows the time-varying profile of the active power that is delivered to the power grid by the ES (−P es ). Considering the aforementioned assumption of a lossless converter, the waveform of −P es is exactly of the same shape as that of the actual harvest PV power in Fig. 10(a) (indicated by the dotted line), which is as expected. In Fig. 11(b) , the predicted demandside active power reference (P g Ref ) and the actual simulated demand-side active power (P g ) are plotted together for comparison. The results in Fig. 11(b) indicate that P g can be controlled by the PV-ES and it follows precisely the predicted reference.
The active power consumption of the NC load in the PV-ES configuration is plotted in Fig. 11(c) to illustrate that the NC load is indeed operating to compensate the prediction error of the PV power. Clearly, the NC load power is adaptively adjusted closely below and above the nominal power (160 W). In addition, the reactive power transferred by the ES is plotted as shown in Fig. 11(d) . The negative polarity shows that the ES reactive power is capacitive. By setting the reference of P g Ref , the reactive power of ES can be made either inductive or capacitive, as can be explained using (6) . Here, we arbitrarily choose the capacitive reactive power.
In the second stage, to compare with the proposed PV-ES system, the conventional ESS and three existing ES systems as solutions for fluctuation issue of PV power are tested under the same simulation configuration. Fig. 12 shows the simplified diagrams of these possible solutions.
In the conventional PV+BESS, which is capable of compensating the real power fluctuation by bi-directional power flow, is integrated with the PV inverter either via the dc bus or the PCC. The simulation results of the PV+BESS system are shown in Fig. 13 . As shown in Fig. 13(a) , the ESS directly compensated the error between the predicted and the actual PV power [depicted in Fig. 10(a) ]. Hence, the demand-side power is controlled precisely to follow the reference, as shown in Fig. 13(b) . Although the solution of PV+BESS is straightforward and effective in compensating power fluctuation, the installation of BESS is costly. The estimated average cost of BESS installation for commercial scale is $2338 USD/kW [42] . For instance, if the maximum prediction error is limited to ±20% of the nominal PV power, a PV system in the scale of 5 kW would require additional $2338 USD for the installation of BESS, regardless of future cost on the maintenance of batteries. In contrast, the proposed PV-ES system can save such a cost.
For comparisons, the objectives of the other three ES systems are set the same as the PV-ES system as a power balancer. Moreover, ES-2 and ES-B2B are preset to regulate the power factor of the smart loads at 0.9. This is a unique function of ES-2 and ES-B2B, which is in contrast to the proposed PV-ES system, since they can be configured to control the active and reactive power consumption simultaneously. Fig. 14 shows the simulation results of three ES systems during the period. As observed from Fig. 14(a) , the active power delivered by ES-1 is almost zero as it can only provide reactive compensation. Fig. 14(b) shows the demand-side active power consumption under the regulation of the ES systems. The profiles of ES-2 and ES-B2B illustrate that both these ES are capable of tracking the reference as well as the PV-ES. However, the profile of ES-1 contains obvious deviations, which is attributed to the limitation of ES-1. The reason is, with a purely resistive NC load, by providing reactive power, the ES-1 can only decrease (but not increase) the active power consumption of the smart load from the nominal value. Therefore, when the actual PV power is more than the predicted value, the smart load associated with ES-1 cannot consume additional power to compensate the deviation. This is also confirmed by the corresponding NC load consumption and ES reactive power as indicated in Fig. 14(c) and (d), respectively. As a result, ES-1 cannot achieve the same objective of the proposed PV-ES.
Although ES-2 can provide 1) precise active power consumption control of the smart load as well as the PV-ES and 2) controllable reactive power compensation which is better than the PV-ES, the operation requires real power from its battery storage. As shown in Fig. 14(a) , ES-2 requires around 38 W for this 160-W NC load and the maximum-50-W PV generation. Additionally, as shown in Fig. 14(c) , the operation of smart load associated with ES-2 sacrifices the NC load severely. Here, the power of NC load is 198 W at the static state (for power factor regulation) and reaches 224 W during the dynamic state (for both the active power and power factor regulation). In conclusion, while ES-2 can achieve the same objective as that of the proposed PV-ES, this comes at the expense of a higher cost and poorer performance of the NC load.
By contrast, ES-B2B performs the best among the three ES systems in the study. With the same precise active power control of the smart load, the power delivered by the series part of ES-B2B, which is shown in Fig. 14(a) , comes from the grid itself via the shunt ES. According to Yan et al. [38] , the power flow of ES-B2B in operation possesses a broader range and higher effectiveness in regulating the power consumption than that of ES-2. As depicted in Fig. 14(a) and (d) , the active/reactive power through ES-B2B is smaller than that of ES-2. Also, the power fluctuation of NC load is controlled at the same level as that of PV-ES. In other words, ES-B2B performs as well as the proposed PV-ES as a power balancer. However, the implementation cost of ES-B2B is much higher than that of PV-ES. While the proposed PV-ES provides a compact configuration including both the PV converter and the ES inverter, the ES-B2B system requires a back-to-back converter (combined with a shunt and a series ES converters), an isolation transformer, and an individual PV inverter. Table I summarizes the comparisons in the second stage.
To summarize, in terms of stabilizing the demand-side power that is influenced by the fluctuating PV power, the proposed PV-ES system performs as well as, if not better than, the other options currently available. However, the low implementation cost of its converter circuit and its battery-free configuration makes it much more competitive as a practical solution. If deployed in a power system with existing ESS, diesel generators and load control strategies, the PV-ES will further benefit the system: 1) PV-ES will be compatible with common load control strategies as it provides continuous power flow adjustment as a smart load; and 2) PV-ES may help to reduce the requirement 
V. EXPERIMENTAL RESULTS
A laboratory-scale power system is set up to verify the feasibility of the proposed PV-ES system and the control methodology. The configuration of this experiment is similar to the electrical diagram shown in Fig. 3 , except that Z cl is ignored temporarily (as it only consumes constant power in the experimental case with stable grid voltage). Therefore, the demandside power is equal to the smart load power (P g = P sl ). Z nc is represented by a resistive load with a value of 75.5 Ω. The specifications of the PV-ES power stage is shown in Table III . A universal power analyzer PM6000 and an oscilloscope DPO3034 are used for electrical data measurement. The actual hardware setup is shown in Fig. 15 .
The experiment is divided into two stages. The objective of the first stage is to test the dynamic performance of the PV-ES system on its power flow control ability in different conditions, including switch-ON/OFF of the PV power and step-changed power references. In this stage, the PV panel array is represented by a programmable dc source DP802. Since the MPPT algorithm is not activated at this stage, V pv is set constant at 30 V. I pv is adjusted to emulate a specific amount of the actual harvested PV power. The experimental results are shown in Fig. 16 . The active power reference of the demand side P g Ref , the correspondingly active power of the demand side P g , the harvested PV power P pv , and the actual delivered power of PV-ES −P es , are shown in Fig. 16(a) . The transient waveforms of each step-change are provided from Fig. 16(b) -(i), in which V bus (upper profile) and V es (lower profile) are indicated.
At the beginning of stage one, V bus is regulated to 280 V, and P g Ref is set at 160 W (the nominal power) whilst 27 W of P pv is harvested by the PV-ES system. To verify the ability of PV-ES with PV power switch-OFF, P pv is step-changed to zero at t = 10 s. It is observed from Fig. 16(b) that the switch-OFF of the solar power causes an instant voltage drop of the dc bus, and V es are cut correspondingly to restore the V bus . In this condition, as no energy is pumped from the PV converter, V bus will keep decreasing, regardless of the voltage regulation, until it reaches a self-balance with V es (which ideally should be providing purely reactive power). Then, P g Ref is step-changed at t = 20 s and t = 30 s, to verify the ability of PV-ES to regulate the power consumption of the smart load without PV power. The responses in Fig. 16(a) indicate that the PV-ES can still regulate the active power of the smart load by using reactive power (similar to the ES-1). Note that the ES absorbs a small amount of the energy when P g Ref = 140 W, as the rise of V es [ Fig. 16(c) and (d) ] leads to the increase of V bus and inverter power loss. At t = 40 s, the PV converter is enabled again, and the PV-ES turns the flyback converter on with soft start (using constant duty-cycle to pump the V bus ). When an overshoot of the V bus is detected, the controller is restarted to regulate V bus , as shown in Fig. 16(e) .
After the PV-ES system comes back to its initial condition, for the sake of verifying the performance of the PV-ES with PV power switch-ON, P g Ref and P pv are individually step-changed at t = 55 s, t = 65 s, t = 75 s, and t = 85 s. It can be observed from Fig. 16(a) that while the waveform of P g follows accurately the power reference P g Ref , the waveform of −P es follows the reference P pv in its shape but with significant deviation. This is due to the power loss of the converter power. For each stepchange, the instantaneous responses of V es and V bus are provided in Fig. 16(f)-(i) . In the fifth and seventh step-change, there are only changes in P g Ref but no PV power fluctuation involved. As a result, V es can be regulated within three ac cycles, as shown in Fig. 16(f) and (h). In the sixth and eighth step-change, changes in P pv cause firstly a fluctuation in V bus , of which led to the PI controller making an adjustment to restore V bus . As a result, the regulation of V es appears to require a longer settling time (around 18 ac cycles) than the aforementioned two cases. Considering that the PV power fluctuation in practice is slow (bandwidth <1 Hz), such a dynamic response of the PV-ES system is relatively fast in comparison.
In the second stage, the proposed system is configured to harvest the solar power and to control the power of the smart load with the predicted profiles adopted in the simulation. The references and experimental measurements are depicted in Fig. 17 . The solar power is provided by a PV emulator AMETEK-ETS80X10.5C with preloaded profile and harvested by the PV converter in MPPT. The actual harvested PV power (P pv ) is plotted as a dotted line with stars, which is deliberately distorted from the predicted reference (P pv Ref ) based on the aforementioned irradiation data. Meanwhile, the waveform of the predicted active power on demand side (P g Ref ), which is acquired by (14) and plotted as a dotted line, is preloaded in the PV-ES as the reference. As shown in Fig. 17(a) with a solid line, the measured active power on demand side (P g ) follows the dynamic reference very well. The power delivered by the PV-ES (−P es ), as shown in Fig. 17(b) with a solid line, has the same shape as that of P pv , but with amplitude deviation due to power loss.
VI. CONCLUSION
In this paper, a PV-ES system that is acting as a power balancer, is adopted in power distribution networks that have a high penetration of PV power generation, to assist in grid stabilization. The power flow analysis and implementation design in single-phase power system ensure that the proposed PV-ES can harvest the fluctuating MPPT PV power without involving battery storage, and adaptively control the active power consumption of the ES-associated smart load simultaneously. A comparison of the proposed PV-ES solution with the conventional BESS solution and those based on previous types of ES, validates that the former is a relatively better solution with a lower installation cost. As indicated by the simulation and experimental results, the issue of a power imbalance that may be resulting from a PV power prediction error, can be alleviated. It has also been illustrated that satisfactory dynamic behavior of the system via demand-side management based on the ESassociated smart load can be achieved. APPENDIX   TABLE II  PARAMETERS OF THE CONTROLLERS TABLE III  SPECIFICATIONS OF THE POWER STAGE 
